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In this paper we review and assess the cross sections for collisions of low-energy
electrons with boron trichloride (BCl3). The only available experimental cross section
data are for partial and total ionization and electron attachment, and the electron attach-
ment cross sections are uncertain. Calculated values are available for the total elastic,
differential elastic, and momentum transfer cross sections, and derived cross sections
have been published for vibrational excitation and dissociation. Other than some rather
uncertain data on electron attachment rate constants and some measurements of electron
drift velocities in BCl3 /Ar and BCl3 /He mixtures, there are no measurements of the
electron attachment, ionization, or transport coefficients for this gas. Analysis of the
experimental data on the electron affinity, electron attachment, and electron scattering,
enabled identification of negative ion states of BCl3 at about20.3, 1.0, 2.8, 5.2, 7.6, and
9.0 eV. Because the existing electron collision data are few and uncertain, relevant data
are provided for photon impact on BCl3 . © 2003 by the U.S. Secretary of Commerce on
behalf of the United States. All rights reserved.@DOI: 10.1063/1.1504440#
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1. Introduction

In earlier papers in this series we have pointed out the
significance of electron collision data to models intended to
aid in developing plasma processing techniques for the mi-
croelectronics industry. Modeling of such plasmas is often
hindered by the absence of reliable electron-collision data. In
our continuing effort to provide such data, we focus in this
paper on boron trichloride (BCl3).

The BCl3 molecule is a major source of reactive radicals
generated via electron-impact dissociative processes, includ-
ing electron attachment. For this reason, it is widely used as
a plasma processing gas in the etching of metals~e.g., alu-
minum! and semiconductors~e.g., GaAs and Si! ~see, for
example, Refs. 1–7!. BCl3 is used in a variety of gas mix-
tures~i.e., BCl3 mixed with Ar, N2 , Cl2 , SF6 , CF4 , CHF3,
Ar1O2, Ar1Cl2 , Ar1CCl2F2 , Ar1SF6, Ar1H21N2,
SiCl41H2, and Ar1Cl21N2) for the etching of GaAs,
GaSb, GaN, GaP, InAs, InP, AlGaAs, AlGaP, AlGaN,
AlInAs, AlInP, InGaAs, InGaP, InAlP, InAlN, NiMnSb, and
InGaAsP~e.g., see Refs. 7–13!.

In this paper we review, assess, synthesize, discuss, and
suggest cross sections for collisions of low-energy electrons
with the BCl3 molecule. The high reactivity and corrosive-
ness of the BCl3 gas make experimental measurements dif-
ficult and partially account for the meager electron collision
cross section data that are available for this gas at this time
and their large uncertainties. Besides some rather uncertain
data on electron attachment rate constants for BCl3 ~see Sec.
5! and some measurements of the electron drift velocity in
BCl3 /Ar and BCl3 /He mixtures,14 there are no measure-
ments of the electron attachment, ionization, or transport co-
efficients for this gas. Because the existing electron collision
data are few and uncertain, we provide relevant data involv-
ing photon impact with the BCl3 molecule. For calculated
cross sections for some electron collision processes for the
BCl and BCl2 fragments see McKoyet al.15

The review procedure followed in this paper is similar to
that in our earlier studies.16–25 In Table 1 are listed the cross
sections and rate coefficients discussed in this paper along
with their symbols and units.

2. Structural and Electronic Properties

Boron trichloride (BCl3) is a nonpolar, plane symmetric
(D3h symmetry! molecule.26 Its ground state outer valence
shell molecular orbital configuration27,28 is:
(2a18)

2(2e8)4(1a29)
2(3e8)4(1e9)4(1a28)

2X 1A18 . The outer-
most three (1a28 , 1e9, and 3e8) occupied valence orbitals
are nonbonding~Cl lone pair!, the 1a29 orbital is B–Cl p
bonding, and the 2a18 and 2e8 are B–Cls bonding. These
six orbitals have binding energies between 10 and 20 eV.27

The lowest unoccupied molecular orbital of the BCl3 mol-
ecule is 2a29(B 2p– Cl 3pp* ), and the next two higher-lying
empty orbitals are 3a18 and 4e8 (B 2p– Cl 3ps* ).29,30 The
presence of these unoccupied molecular orbitals helps ex-
plain the observed negative ion states of the BCl3 molecule,
and consequently the observed or calculated structure in the
electron scattering and electron attachment cross sections. A
detailed calculation by Baeck and Bartlett29—optimizing
bond lengths and bond angles withinD3h symmetry for BCl3
and C3v symmetry for BCl3

2—provided a number of struc-
tural and electronic parameters such as ionization energies,
electronic vertical excitation energies, and vibrational fre-
quencies for the BCl3 , BCl3

2 , BCl3
1 species.29
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A number of experimental studies contribute to an under-
standing of the molecular and electronic structure of the
BCl3 molecule. These include electron-impact excitation and
ionization,31–33 negative-ion formation,31–37 electron-impact
dissociation into excited fragments,38–40 photoelectron
spectra,28,41,42 photoionization and photodissociation,43–49

and photoabsorption and fluorescence measurements in the
ultraviolet/visible~UV/VIS! region.44–52 Some of the photo-
physical studies incorporated mass analysis and fluorescence
measurements and established the fragmentation patterns of
BCl3 at specific photon wavelengths~see Sec. 4.3!.

2.1. Total Photoabsorption Cross Section, spa,t„l…

The vacuum UV absorption spectrum of BCl3 ~absorbance
versus wave number! has been measured by Planckaert
et al.51 from 200 to 120 nm. It has two well defined but
broad bands with maxima near 57 970 cm21 ~7.187 eV, 173
nm! and 73 400 cm21 ~9.100 eV, 136 nm!. Planckaertet al.
assigned the lowest frequency band to a valence–shell tran-
sition of thep*←p type, and described the second band as a
Rydberg transition to a 3s orbital or as a valence-shell tran-
sition of thes*←s type. Another measurement of the rela-
tive photoabsorption cross section of BCl3 was made by
Maria et al.50 who reported a broad low-energy absorption
band in the 200–220 nm region. Subsequently, Sutoet al.44

measured the total photoabsorption cross section,spa,t(l), of
BCl3 as a function of the photon wavelengthl in the 106–
190 nm range~Fig. 1!. Sutoet al. estimated the uncertainty
in their measurements to be about615%. According to Suto
et al., the peak at 129 nm is likely to be due to the impurity
HCl which could be produced by the reaction of BCl3 with
water adsorbed on the wall of their gas handling system.
Another photoabsorption cross section measurement was
made by Leeet al.45 at shorter wavelengths~45–106 nm!.
These measurements have an uncertainty of615% and are
also shown in Fig. 1.

Measurements of the photoabsorption cross section of
BCl3 at still higher energies~190–280 eV! have been made
by Ishiguro et al.53 using synchrotron light. Synchrotron
light was similarly employed by Uedaet al.27 for the mea-
surement of Auger electron spectra. The latter have also been
investigated by Ciniet al.54 using 2 keV electrons.

In Table 2 are listed vertical and adiabatic ionization en-
ergies for the BCl3 molecule, along with corresponding sug-
gested assignments.

2.2. Electron Affinity and Negative Ion States of
BCl3

As indicated earlier in this section, the three lowest unoc-
cupied molecular orbitals of BCl3 are 2a29 , 3a18 , and 4e8.
These unoccupied molecular orbitals help explain the ob-
served negative ion states of the BCl3 molecule and, conse-
quently, the observed structure in the electron scattering and
electron attachment cross sections. Table 3 lists values of the
electron affinity and negative ion states of the BCl3 molecule
and the vertical detachment energy of BCl3

2 , as determined
by various methods. The experimental data in Table 3~see
also Fig. 2! identify negative ion states of BCl3 at about
20.3, 1.0, 2.8, 5.2, 7.6, and 9.0 eV. The20.3 and 1.0 eV
values are associated with the lowest empty orbital 2a29 , the
2.8 eV value with the 3a18 empty orbital, and the 5.2 eV
value with the 4e8 empty orbital. The 7.6 and 9.0 eV values
are associated with the positions of electron-excited Fesh-
bach resonances in the 6.0–10 eV energy range.

FIG. 1. Total photoabsorption cross section,spa,t(l), for BCl3 : ~ ! Ref.
44; ~- - -! Ref. 45.

TABLE 1. Definition of symbols

Symbol Definition Common scale and units

spa,t(l) Total photoabsorption cross section 10218 cm2; 10222 m2

ssc,t(e) Total electron scattering cross section 10216 cm2; 10220 m2

se,t(e) Total elastic electron scattering cross section 10216 cm2; 10220 m2

se,partial(e) Partial elastic electron scattering cross section 10216 cm2; 10220 m2

se,diff(e) Elastic differential electron scattering cross section 10216 cm2 sr21

sm(e) Momentum transfer cross section~elastic! 10216 cm2; 10220 m2

s i,partial(e) Partial ionization cross section 10216 cm2; 10220 m2

s i,t(e) Total ionization cross section 10216 cm2; 10220 m2

sa,t(e) Total electron attachment cross section 10216 cm2; 10220 m2

ka,t(E/N) Total electron attachment rate constant 1029 cm3 s21

w(E/N) Electron drift velocity 106 cm s21
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2.3. Fundamental Vibrational Modes and Other Data

Herzberg66 lists for the vibrational frequenciesn1 ~sym-
metric stretching!, n2 ~out-of-plane bending!, n3 ~asymmet-
ric stretching!, and n4 ~asymmetric bending! of the BCl3
molecule, respectively, the values of 471 cm21 ~0.0584 eV!,
462 cm21 ~0.0573 eV!, 958 cm21 ~0.1188 eV!, and 243 cm21

~0.030 eV!. Stull and Prophet67 list for n1 , n2 , n3 , andn4 ,
respectively, the values of 0.0584, 0.0583, 0.1223, and
0.0301 eV. Knowledge of these frequencies can be helpful in
efforts to use infrared laser measurements of the extinction
coefficient of this gas in a discharge to determine the rota-
tional and translational temperature and degree of dissocia-
tion of the gas, as well as for plasma diagnostics~see, for
example, Farrow68!.

The vibrational frequencies of BCl3
2 are expected to lie

energetically lower than the corresponding ones of the neu-
tral molecule BCl3 . Jacoxet al.69 in a matrix isolation study
of the interaction of excited Ne atoms with BCl3 assigned an
absorption band they observed at 686 cm21 ~0.085 eV! to the
n3 of 11BCl3

2 , and Baeck and Bartlett29 calculated values for
all the vibrational frequencies of BCl3

2 . The averages of the

two values they give for each frequencyn1 , n2 , n3 , andn4

of BCl3
2 in Table VII of their paper are, respectively, 551

cm21 ~0.068 eV!, 320 cm21 ~0.0397 eV!, 704 cm21 ~0.0873
eV!, and 218 cm21 ~0.0270 eV!.

In Table 4 are listed other data on BCl3 and BCl3
2 which

are relevant to the present discussion on the interactions of
slow electrons with the BCl3 molecule.

3. Electron Scattering

3.1. Total Electron Scattering Cross Section,
ssc,t „e…

To our knowledge, there are no measured or calculated
values of the total electron scattering cross section,ssc,t(e),
of BCl3 .

3.2. Total Elastic Electron Scattering Cross
Section, se,t„e…

There are no experimental measurements of the total elas-
tic electron scattering cross section,se,t(e), of BCl3 . There
are, however, a number of calculated values of the total~in-
tegral! elastic electron scattering cross section. Figure 3

TABLE 2. Vertical and adiabatica ionization energiesb of BCl3

Ionization energy
~eV!

Comment/
Orbital assignment Reference Method

10.960.2 Threshold energyc,d for the production of ground state BCl3
1 55 EI–MSe

11.82~11.60! Values for the production of BCl3
1 42 PESf

~11.6060.01! Adiabatic value for the production of BCl3
1 43 PI–MSg

~11.16211.44!h Adiabatic values 29 Ci

~11.48211.74!h Adiabatic values 29 C
11.49211.83h Vertical values 29 C
11.68212.34h Vertical values 29 C
11.6060.02 Threshold energy for the production of BCl3

1 43 PI–MS
11.64 Threshold energy for the production of BCl3

1(X̃ 2A28)1e 45 PAj

11.6760.15 Vertical value 56 EIk

11.72 Vertical value, 1a28
l 28 HeI EPSm

11.73~11.64! 1a28 ; 2a28
n 41 PES

11.73~11.64! X̃ 2A28 46 PA–SRo

11.78 2a28 58 Cp

11.82~11.60! X̃ 2A28 48,42 PES
11.97 e8 59 PES
12.0360.02 ‘‘Appearance potential’’ for BCl3

1 31 EI–MS
12.060.5 ‘‘Appearance potential’’ for BCl3

1 60 EI–MS
12.19 Threshold energy for the production of BCl3

1* (Ã 2E9)1e 45 PA
12.214~n50! 1e9 l 28 HeI EPS
12.28 2e9 58 Cp

12.30 Threshold energy for the production of BCl2
11Cl1e 45 PA

12.3060.02 Threshold energy for the production of BCl2
11Cl1e 43 PI–MS

12.39~12.19! 1e9; 2e9n 41 PES
12.39~12.19! Ã 2E9 46 PA–SR
12.43 a28 59 PES
12.65~12.23! Ã 2E9 48,42 PES
12.41 7e8 58 Cp

12.608~line 5! 3e8 l 28 HeI EPS
12.66 Threshold energy for the production of BCl3

1(B̃ 2E8)1e 45 PA
12.66 3e8; 7e8n 41 PES
12.66 B̃ 2E8 46 PA–SR
12.75 B̃ 2E8 48,42 PES
12.77 e9 59 PES
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showsse,t(e) as calculated by a number of groups: Tossell
et al.30 using the multiple scatteringXa method; Winstead
and McKoy15,78 using the Schwinger multichannel varia-
tional method in the static exchange approximation with and
without inclusion of polarization; Isaacset al.62 using the
complex Kohn method; and Bettega63 using the Schwinger
multichannel method with pseudopotentials at the static ex-
change polarization approximation. The inset in Fig. 3 shows
an expanded view of the calculation of Isaacset al. at low
energies.

The contributions of the lowest unoccupied electronic
states of BCl3 to the magnitude and structure ofse,t(e)
shown in Fig. 3 can be seen from the calculated partial elas-
tic electron scattering cross sections,se,partial(e), shown in
Fig. 4. Figure 4~a! shows these,partial(e) calculated by
Tossell et al.30 using the multiple scatteringXa method.
These results show the symmetry of the resonances which
give rise to the peaks in the total elastic electron scattering
cross section~see also Table 3!. Figure 4~b! shows the polar-

ized self-consistent field~SCF! results of Isaacset al.62 for
theA1 , A2 , B1 , andB2 symmetries. TheA1 cross section is
very large as the electron energy approaches zero and shows
two broad maxima at 2.5 and 5.5 eV. Although the polarized-
SCF B2 cross section does not show a distinct peak due to
the negative ion~shape! resonance near 2 eV, it does show
this feature in the static exchange calculation results. Figure
4~c! shows these,partial(e) results of Bettega63 to 50 eV.

3.3. Differential Elastic Electron Scattering Cross
Section, se,diff „e…

Figure 5 shows the differential elastic electron scattering
cross section,se,diff(e), of BCl3 calculated by Isaacset al.62

and Bettega63 at several electron energies. Unfortunately, the

TABLE 2. Vertical and adiabatica ionization energiesb of BCl3—Continued

14.10 2a29 58 Cp

14.22 Threshold energy for the production of BCl3
1* (C̃ 2A29)1e 45 PA

14.240 (n1
150) 1a29

l 28 HeI EPS
14.40~14.23! C̃ 2A29 42 PES
14.41~14.30! C̃ 2A29 48 PES
14.42~14.22! 1a29 ; 2a29

n 41 PES
14.42~14.22! C̃ 2A29 46 PA–SR
14.50 a29 59 PES
15.27 6e8 58 Cp

15.32 Threshold energy for the production of BCl3
1* (D̃ 2E8)1e 45 PA

15.320~progression 6,n50! 2e8 l 28 HeI EPS
15.51~15.28! D̃ 2E9 42,48 PES
15.54~15.32! 2e8; 6e8n 41 PES
15.54~15.32! D̃ 2E9 46 PA–SR
15.75 e8 59 PES
17.74~17.74! Threshold energy for the production of BCl3

1* (Ẽ 2A18)1e 45,46 PA, PA–SR
17.74 6a18 58 Cp

17.699 (n1
150) 2a18

l 28 HeI EPS
17.70~17.70! Ẽ 2A18 48,42 PES
2~17.74! 2a18 ; 6a18

n 41 PES
17.79 a18 59 PES
18.37 Threshold energy for the production of BCl112Cl1e 45,43 PA, PI–MS

aData in parenthesis are values designated by the corresponding authors as adiabatic.
bSee Table 6 in Sec. 5 for electron impact values.
cKoski et al.55 measured the thresholds 11.060.2, 10.960.2, 10.960.2, and 10.660.2 eV, respectively, for the production of B10Cl2

37Cl351, B10Cl2
35Cl371,

B11Cl3
351 , and B10Cl3

351 .
dKoski et al.55 measured mass spectrometrically the ionization threshold energies for the production of BCl2

1 and BCl1 by electron impact on BCl3 and found
them to be 7.20 and;10.44 eV, respectively. Dibeler and Walker43 estimated an ionization threshold for BCl257.74 eV from photoionization studies.

eEI–MS5electron impact–mass spectrometry.
fPES5photoelectron spectroscopy.
gPI–MS5photoionization-mass spectrometry.
hThe range of values corresponds to the results of various types of calculation.
iC5calculation.
jPA5photoabsorption.
kEI5electron impact.
lProbable orbital.
mHeI EPS5HeI excited photoelectron spectrum.
nAssignments of Bergeret al.57 based on theirab initio calculations.
oPA–SR5photoabsorption-synchrotron radiation.
pAb initio calculation.
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results of these two calculations can be compared at only one
common energy~5.0 eV!. There are no experimental mea-
surements ofse,diff(e) for this molecule.

3.4. Momentum Transfer „Elastic … Cross Section,
sm„e…

Figure 6 shows the elastic momentum transfer cross sec-
tion, sm(e), of BCl3 as calculated by McKoy and
associates,15,78Isaacset al.,62 and Bettega.63 The inset in Fig.
6 is an expansion of the results of Isaacset al.62 showing the
B2 resonance.

3.5. Inelastic Electron Scattering Cross Sections,
s in„e…

3.5.1. Vibrational Excitation Cross Sections

Nagpal and Garscadden72 derived three vibrational excita-
tion cross sections for BCl3 in the energy range 0–30 eV
using the conventional ‘‘two-term’’ solution of the time-
dependent Boltzmann transport equation and the electron

drift velocity data for BCl3 /Ar and BCl3 /He mixtures of
Mostelleret al.14 These are shown in Fig. 7. The cross sec-
tions designated bysn2,n1 , sn4 , andsn3 are for the vibra-
tional frequencies indicated by the subscripts. McKoyet al.78

questioned these data on the basis that they are based on
experimental measurements taken under conditions for
which electron attachment is significant and this was not
considered in the analysis.

3.5.2. Electronic Excitation Cross Sections

Cross sections for some electronic transitions of BCl3 ~and
also of the BCl and BCl2 fragments! have been computed by
McKoy et al.15

3.5.3. Cross Sections for Dissociation into Neutral Fragments

Using the same experimental data and computational pro-
cedure as for the vibrational excitation cross sections~Fig.
7!, Nagpal and Garscadden72 derived two dissociation cross
sections for BCl3 . These are shown in Fig. 7 and are desig-
nated bysd1 andsd2. They refer, respectively, to the disso-

TABLE 3. Electron affinity and negative ion states of BCl3 and vertical detachment energy of BCl3
2

Value/Energy position~eV! Method of determination Comment/Assignment Reference

Electron affinity
0.3360.2 Measurementa Adiabatic 35
0.27 to 0.42b Calculation Adiabatic 29

.0.0 Swarm measurements Formation of BCl3
2 61

.0.0 Beam measurements Formation of BCl3
2 36,37

Negative ion states
;0.9 Dissociative attachment producing Cl2 37
1.160.1 Dissociative attachment producing Cl2 32
,1.0 Electron transmission experiment/Calculation a29 36,30
0.25c Calculation B2 62
0.41–0.79b Calculation Vertical attachment energy 63
0.00–1.30 Calculation 64
;1.8 Calculationd B2 63
;2.6 Threshold-electron excitatione 32
2.86 Electron transmission experiment/Calculation a18 36,30
2.5 Calculationf A1 62
5.16 Electron transmission experiment/Calculation e8 36,30
5.5 Calculationf A1 ; B1 62
;6.5 Dissociative attachment producing Cl2 37
;7.6 Threshold-electron excitatione 32
;7.6 Electron transmission experiment/Calculation Core-excited shape resonanceg 36,30
;7.8 Dissociative attachment producing Cl2 37
8.7 SF6

2 scavenger technique 32
9.05 Electron transmission experiment/Calculation Core-excited shape resonanceg 30,36
9.7 Threshold-electron excitatione 32
8.5 Calculationd A1 , B1 62

Vertical detachment energy
1.77 Optogalvanic experiments 65
1.73–1.99b Calculation 29

aDetermined using collisions of Cs atoms with BCl3 .
bThe range of values corresponds to the results of various types of calculation.
cThe position of thisB2 symmetry shape resonance moves from;2.0 eV in the static exchange calculation to 0.25 eV with the inclusion of polarization effects
~see Isaacset al.62!.

dStatic exchange approximation calculation.
eSF6

2 scavenger technique.
fPolarized-SCF calculations.
gObserved in electron transmission and in dissociative electron attachment experiments.
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ciation processes leading to BCl21Cl and BCl1Cl2 ~see
values of the energy thresholds for these processes in Table
4!. In Fig. 7 is also plotted an estimate of the electron-impact
dissociation cross section as computed by McKoyet al.15

This latter cross section is essentially the sum of the cross
sections they computed for electronic states presumed to be
dissociative. In this regard, the estimated cross section by
McKoy et al. for dissociation of BCl3 into neutrals should at
best be a lower limit value.

The cross sections of Nagpal and Garscadden72 are ob-
served to have a lower magnitude and to lie at lower energies
than the cross sections of McKoyet al.15 This has been
attributed15 to the neglect of the effect of electron attachment
in the calculation of Nagpal and Garscadden, and to the fact
that the dissociation energies are larger than the threshold
values used by Nagpal and Garscadden.

4. Electron Impact Ionization

4.1. Partial Ionization Cross Sections, s i,partial „e…

An early electron-impact ionization study of BCl3 by Mar-
riott and Craggs31 showed that the most abundant positive

ion is BCl2
1 , followed by BCl3

1 . Subsequently, in a mass
spectrometric study of the photoionization of BCl3 , Diebeler
and Walker43 found that the relative abundances of the posi-
tive ions BCl3

1 , BCl2
1 , BCl1, and B1 at 584 Å ~21.23 eV!

are: 0.59, 1.0, 0.072, and;0.001. A more recent study of the
fragmentation of valence electronic states of BCl3

1 using
photoelectron spectroscopy by Biehlet al.42 found that be-
tween 11 and 19 eV the BCl2

1 ion is produced from the
fragmentation of the excited states of BCl3

1 .
The most detailed study of electron-impact ionization of

BCl3 was conducted by Jiaoet al.33 using Fourier transform
mass spectrometry. They observed the formation of the par-
ent positive ion BCl3

1 and the fragment positive ions BCl2
1 ,

BCl1, and Cl1. The positive-ion fragments BCl1 and Cl1

were found to react with neutral BCl3 to generate BCl2
1 with

bimolecular rate constants respectively equal to (5.360.5)
310210cm3 s21 and (6.260.5)310210cm3 s21. The BCl2

1

ion was found not to react with BCl3 . Jiao et al.33 did not
observe B1 or Cl2

1 , thus confirming the suspicion of Marri-
ott and Craggs31 that the observation of these two positive
ions in their experiment was an artifact of pyrolysis on the
filament. Table 5 lists the threshold energies~‘‘appearance

FIG. 2. Negative ion states of the BCl3 molecule as determined by electron
affinity measurements, electron attachment measurements, electron scatter-
ing measurements, and calculations: Electron affinity:~ ! experimen-
tal data from Ref. 35,~////! calculations from Ref. 29; Dissociative electron
attachment producing Cl2: experimental data from~¯! Ref. 37 and
~ • • • ! Ref. 32; Electron scattering: experimental data from~ !
Refs. 36, 30 and~ • • • ! Ref. 32; Electron scattering: calculated re-
sults from~- - -! Ref. 62,~////! Ref. 29,~ ! Ref. 63, and~ ! Ref.
30. The last column gives the suggested positions and assignments. It should
be noted that the adiabatic position of the;1.0 eV negative ion state is at
about 20.3 eV @2uEA~BCl3)u]. EEFR labels refer to assignments made
from electron excited Feshbach resonance data.

TABLE 4. Other basic properties of BCl3 and BCl3
2

Parameter Value Reference

BCl3
Equilibrium distanceRB–Cl 1.754 Å, 1.755 Å 29

1.754 Å 62
1.751 Åa 70
1.75 Å 67
1.745 Åb 71
1.742 Å 63
1.742 Å 30

Dissociation energy
BCl2– Cl 4.7860.02 eV 43

;4.59 eV 61
4.61 eV 72

BCl1Cl2 5.65 eV 72
BCl–Cl 3.3960.02 eV 43
B–Cl 5.5160.04 eV 43

Polarizability 9.6310224 cm3 12
9.47310224 cm3 73
9.38310224 cm3 73
8.99310224 cm3c 74
8.21310224 cm3d 75

Bond angle
Cl–B–Cl 120° 67

BCl3
2

R(B–Cl) 1.876 Å, 1.879 Åe 29
1.836 Åf 76

Bond angleg

107.3°, 107.6°e 29
110.9°f 76

aExperimental value.
bCNDO/2 calculation.
cIn plane electrical polarizabilty measured in dioxan.
dMean polarizability.
eAb initio calculations.
fDetermined from studies of the molecular structure of donor-acceptor com-
plexes of trimethylamine and boron trichloride.

gThe BCl2 radical is bent with a ClBCl angle of;122° ~see Franziet al.77!.
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potentials’’! of the various positive ions produced by electron
impact on BCl3 .

Jiaoet al.33 measured the partial ionization cross sections,
s i,partial(e), of BCl3 relative to the ionization cross section of
argon and calibrated their data using the measurements of
Wetzel et al.80 and Krishnakumar and Srivastava81 for Ar.
They gave no uncertainty for the magnitude ofs i,partial(e),
but the uncertainty in their energy scale was quoted as60.5
eV. Their data fors i,partial(e) are shown in Fig. 8 and are
listed in Table 6. The cross section for BCl3

1 is seen to be
substantial. Interestingly, Overzet and Luo82 in a study of
ionization in rf plasmas of pure BCl3 observed only the posi-
tive ions BCl2

1 , BCl1, and B1. The data of Jiaoet al. show
that from threshold to 60 eV the most abundant positive ion
is BCl2

1 .

4.2. Total Ionization Cross Section, s i,t„e…

The sum of the partial ionization cross sections of Jiao
et al.33 for BCl3

1 , BCl2
1 , BCl1, and Cl1 has been plotted in

Fig. 9 and is taken to represent the total ionization cross
section,s i,t(e), of BCl3 . Values of these data for electron
energies<30 eV are listed in Table 7. These data represent
our suggested values, but they should be considered a lower
limit to s i,t(e). To our knowledge there are no other mea-
surements ofs i,t(e). According to Becker83 the preliminary
measurements by Tarnovsky and Becker quoted in Deutsch
et al.84 need further scrutiny. In Fig. 9 the measurements of
Jiaoet al. are compared with the calculated values obtained
using the modified additivity-rule~MAR!,84,85 the Deutsch–
Märk ~DM! formalism,85 and the binary encounter-Bethe
~BEB! theory.86 Below 30 eV, the latter calculation gives
s i,t(e) values in better overall agreement with the experi-
mental results of Jiaoet al., thus the results of this calcula-

tion may be also preferred above;30 eV. However, signifi-
cant discrepancies exist among the available data and the
need for more investigation is evident.

4.3. Dissociation of BCl 3 by Electron and Photon
Impact

Besides the calculated results discussed in Sec. 3.5.3, there
are no measurements of the cross section for electron-impact
dissociation of BCl3 into neutral fragments. However,
there have been a number of studies on electron-impact-
induced dissociation38–40,87 and photon-impact-induced
dissociation44–49 of BCl3 and identification of the resultant
~excited! radicals via their fluorescence emissions. The re-
sults of these electron-impact and photon-impact studies are
briefly elaborated upon in this section, since they provide
useful spectroscopic data for the identification of the species
in plasma reactors containing BCl3 .

Jabbour et al.38 measured the absolute photoemission
cross section of the BCl* A 1P→X 1S1 system around 2720
Å produced by dissociative electron impact on BCl3 . This
system is used for optical plasma diagnostics. The cross sec-
tion was found to rise from the threshold at 14.061.5 eV to
a maximum near 25 eV and then to rise again to its overall
maximum at near 40 eV. The maximum cross section value
was measured to be 2.3310218cm2 with an uncertainty of
620%. In a subsequent study, Gilbertet al.39 reported pho-
toemission cross sections and appearance potentials for the
most intense UV emissions produced by electron-impact dis-

FIG. 3. Calculated total~integral! elastic electron scattering cross section,
se,t(e), for BCl3 : ~ ! Ref. 30;~d! Ref. 15 static-exchange approxima-
tion without polarization;~s! Ref. 15 static-exchange approximation with
polarization;~- - -! Ref. 62;~ • • • ! Ref. 63.~Inset! Low energy data
of Isaacset al.

FIG. 4. Calculated partial elastic electron scattering cross sections,
se,partial(e), for BCl3 for the identified symmetries:~a! Ref. 30;~b! Ref. 62;
~c! Ref. 63.
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sociation of BCl3 . In particular, Gilbertet al.39 studied the
two atomic boron emissions B* 2p2 2D→2p 2P0 line at
208.9 nm and B* 3s 2S→2p 2P0 line at 249.8 nm, and the
BCl* A 1P→X 1S1 system around 272.4 nm. The 249.8 nm
boron line was found to have the largest emission cross sec-
tion (5.4310218cm2) at 75 eV. The BClA 1P→X 1S1

emission cross section around 272.4 nm was found to be 3
310218cm2 at 40 eV, which is;20% higher than their ear-
lier measurement.38 Figure 10 shows the emission spectrum
recorded by Gilbertet al.39 in the wavelength range 200–300
nm, generated by impact of 200 eV electrons on BCl3 . The
two B* lines at 208.9 and 249.8 nm and the BCl* A 1P
→X 1S1 emission band around 272.4 nm are clearly seen in
the figure. The radiative lifetime of the BCl* A state@for the
spectrally unresolved~0,0!, ~1,1! and~2,2! bands at 272 nm#
was measured by Hesser87 to be 19.1 ns.

Figures 11~a! and 11~b! give, respectively, the emission
cross sections measured by Gilbertet al.39 for the
BCl* A 1P→X 1S1 band and the B* 3s 2S→2p 2P0 line at

FIG. 5. Calculated differential elastic electron scattering
cross sections,se,diff , for BCl3 for a number of electron
energies:~- - -! results of Isaacset al.;62 ~ ! results
of Bettega.63

FIG. 6. Calculated elastic momentum transfer cross section,sm(e), for
BCl3 : ~d! static-exchange approximation result from Ref. 15;~- - -! Ref. 62;
~ • • • ! Ref. 63.~Inset! Expanded results by Isaacset al. from Ref.
62 showing theB2 resonance.
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249.8 nm as a function of the electron energy from threshold
to 100 eV. Based on the data in Tables 8 and 9, the two
onsets at 14.0 and 29.0 eV@indicated by the arrows in Fig.
11~a!#, have been ascribed,39 respectively, to the dissociation
processes

BCl3* →BCl* ~A 1P!12Cl ~1!

and

BCl3* →BCl* ~A 1P!1Cl1Cl1. ~2!

Similarly, on the basis of the data in Tables 8 and 9, the two
onsets at 22.0 and 34.0 eV@indicated by the arrows in Fig.
11~b!# have been ascribed,39 respectively, to the dissociation
processes

BCl3* →B* ~3s 2S!13Cl ~3!

and

BCl3* →B* ~3s 2S!12Cl1Cl1. ~4!

Tokue et al.40 also investigated the emission spectra of
excited fragments generated by electron impact on BCl3 in
the wavelength range 190–600 nm for electron energies up
to 110 eV. Their cross section measurements for the
B* 3s 2S→2p 2P0 transition and the BCl* A 1P→X 1S1

band are compared with the measurements of Gilbertet al.,
respectively, in Figs. 11~a! and 11~b!. The cross section val-
ues for these emissions—and also for the B* 2p2 2D
→2p 2P0 transition—are compared in Table 10 for 100 eV
electrons. Although the cross section value of Gilbertet al.
for the transition B* 2p2 2D→2p 2P0 is about a factor of 2
lower than that of Tokueet al., the agreement between the
measurements of the two groups is generally good. In addi-

TABLE 6. Suggested partial ionization cross sections,s i,partial(e), for BCl3
~data digitized from figure of Jiaoet al. 33!

Electron
energy~eV!

s i,partial(e) (10220 m2)

BCl2
1 BCl3

1 BCl1 Cl1

13.0 0.6 0.6
15.0 1.7 0.9
17.0 2.9 1.3
19.0 4.4 1.6
21.0 5.1 1.7 0.2
23.0 5.1 1.6 0.4 0.2
25.0 5.5 1.7 0.6 0.2
27.0 5.5 1.6 0.8 0.4
29.0 5.4 1.6 0.8 0.5

FIG. 7. Derived collisional cross sections for BCl3 by Nagpal and Garscad-
den in Ref. 72:~ !, cross sectionssn2,n1(e), sn4(e), andsn3(e) for the
vibrational modes indicated by the subscripts, and cross sectionssd1(e) and
sd2(e) for the dissociation processes leading to BCl21Cl and BCl1Cl2 ,
respectively.~d! Computed cross section,sdis,t(e), for dissociation of BCl3
by electron impact from Refs. 15 and 62~see text!.

TABLE 5. Threshold energiesa ~‘‘appearance potentials’’! of positive ions
produced by electron impact on BCl3

Positive ion fragment Threshold energy~eV! Reference

B10Cl2
37Cl351 11.060.2 55

B10Cl2
35Cl371 10.960.2 55

B11Cl3
351 10.960.2 55

B10Cl3
351 10.660.2 55

BCl3
1 12.060.5 60

BCl3
1 12.0360.02 31

B10Cl2
371 12.060.2 55

B11Cl2
351 11.860.2 55

BCl2
1 13.260.5 60

BCl2
1 13.0160.02 31

B10Cl351 20.060.2 55
B11Cl351 17.260.2 55
BCl1 19.260.5 60
BCl1 18.5460.07 31
B111 19.560.2 55
B101 20.860.2 55
B1 19.561.0 79
B1 22.560.5 60
B1 13.660.2 31
B1 18.460.2 31
B1 22.3560.06 31
Cl1 12.960.15 31
Cl1 17.160.15 31
Cl2

1 12.0360.05 31
BCl2

11 33.7760.07 31

aSee also Table 2.

FIG. 8. Partial electron-impact ionization cross sections,s i,partial(e), for
BCl3 from Jiaoet al.33
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tion to the emissions from the three species just mentioned,
Tokue et al.40 observed two continuous emissions in the
wavelength regions 230–380 nm and 400–580 nm which
they attributed to BCl2* .

Figure 12~a! shows the fluorescence cross section, and
Fig. 12~b! the fluorescence quantum yield, of BCl3 in the
wavelength range 106–190 nm as measured by Sutoet al.44

using synchrotron light. The fluorescence cross section mea-
surements have a quoted uncertainty of630%. They indicate
a fluorescence threshold of;173 nm~7.17 eV! and a num-
ber of emission bands in the VIS and the UV regions attrib-
uted by Sutoet al. to excited states of the BCl2 photofrag-
ment. The fluorescence quantum yield was calculated from
the ratio of the fluorescence and absorption cross sections
@see Figs. 12~a! and 1#. It shows three broad bands with
peaks near 118, 130, and 142 nm, which indicate that the
dissociating states have, respectively, vertical excitation en-
ergies of 10.5, 9.5, and 8.7 eV.

Lee et al.45 extended these room-temperature investiga-
tions to excitation wavelengths in the region 45–106 nm.
Their fluorescence data are also shown in Figs. 12~a! and
12~b! and have a quoted uncertainty of630%. The observed

emissions at excitation wavelengths longer than 96 nm were
attributed to BCl2* and those at excitation wavelengths
shorter than 97.5 nm to BCl* (A–X).45 Emissions at the
thresholds of 88 and 81 nm were attributed to BCl3

1* and
emissions appearing in the 48–64 nm region to B* atoms.

Synchrotron light was also used by Boyleet al.49 to study
the fluorescence processes in BCl3 following vacuum UV
~VUV ! photoexcitation of BCl3 in the energy range 9–~137.7
nm! to 22 eV ~56.4 nm!. Photoexcitation of BCl3 in this
energy range resulted in complicated fluorescence spectra in
which the observed emissions were assigned to BCl2* , BCl* ,

FIG. 9. Total ionization cross section,s i,t(e), for BCl3 : ~d! experimental
values~sum of the partial ionization cross sections in Fig. 8 and Table 7!
from Ref. 33;~ ! calculated values/MAR from Ref. 84!; ~ ! cal-
culated values/BEB from Ref. 86;~ • • • ! calculated values/DM from
Ref. 85;~¯! calculated values/MAR from Ref. 85.

FIG. 10. Emission spectrum between 200 and 300 nm induced by impact of
200 eV electrons on BCl3 ~see text! from Ref. 39.

FIG. 11. ~a! Emission cross section for the BCl* A 1P→X 1S1 band as a
function of the electron energy:~d! Gilbert et al.;39 ~h! Tokueet al.40 ~b!
Emission cross section for the transition B* 2s 2S→2p 2P0 as a function of
the electron energy:~d! Gilbert et al.;39 ~h! Tokueet al.40

TABLE 7. Suggested total ionization cross sections,s i,t(e), for BCl3 for
electron energies less than 30 eV~data digitized from figure of Jiaoet al.33!

Electron energy
~eV!

s i,t(e)
(10220 m2)

13.0 1.2
15.0 2.6
17.0 4.2
19.0 6.0
21.0 7.0
23.0 7.3
24.0 8.0
27.0 8.3
29.0 8.3
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BCl3
1* , BCl2

1* , and B*. As the authors noted, their experi-
ments are sensitive to those Rydberg states of BCl3 which
photodissociate to an excited state of a neutral fragment that
fluoresces, and to valence states of the parent or a fragment
ion that fluoresce. These two processes can be represented
as49

BCl31hn1→BCl3* , ~5a!

BCl3* →BCl2* 1Cl, ~5b!

BCl3* →BCl* 1~Cl2 or 2Cl!, ~5c!

BCl3* →B* 1~3Cl or Cl21Cl!, ~5d!

BCl2* or BCl* or B* →BCl2 or BCl or B1hn2 ,
~5e!

and

BCl31hn1→BCl3
1* 1e, ~6a!

BCl3
1* →BCl3

11hn2 , ~6b!

BCl3
1* →BCl2

1* 1Cl→BCl21Cl1hn2 , ~6c!

where hn1 and hn2 represent, respectively, photons in the
VUV ~50–150 nm! and UV/VIS ~200–700 nm!.

Finally, a number of spectroscopic studies have been per-
formed on discharges in gas mixtures containing BCl3 ~e.g.,
see Refs. 88–90 for mixtures of BCl3 with N2 or Ar!, which
provided additional information regarding the dissociation
products of BCl3 and the role of metastable states of the
buffer gas employed. Thus, Breitbarth88 concluded that in
BCl3 /N2 discharges, direct electron-impact excitation is not
responsible for the observed BCl* and B* emissions, but
rather an energy transfer from the N2* (W) state to the BClx

species present in his system. In the case of BCl3 /Ar dis-
charges, Schelleret al.89 argued that argon metastables indi-

rectly enhance molecular dissociation by increasing the posi-
tive ion density via Penning ionization~that is, especially at
concentrations below 5%, Penning ionization generates
BCl3

1 which subsequently undergoes dissociative recombina-
tion!. Similarly, Breitbarth and Ducke90 observed three broad
emissions with maxima at 305, 350, and 480 nm in rf dis-
charges using pure BCl3 . They attributed all three emissions
to the electronically excited BCl2* fragment. In discharges
with pure BCl3 , they showed the dominant process for for-
mation of excited BCl* (A) fragments to be direct electron-
impact excitation of BCl(X). For mixtures of BCl3 /Ar,
however, the BCl* (A 1P) species are also produced via en-
ergy transfer from argon metastables.

It should perhaps be mentioned that a number of other

TABLE 8. Energies and threshold wavelengths for the dissociation and ion-
ization of BCl3 as calculated by Leeet al.45

Process Energy~eV! Wavelength~nm!

Dissociation
BCl21Cl 4.61
BCl1Cl2 5.65
BCl12Cl 8.16
BCl* (A)1Cl2 10.21 121.4
BCl* (A)12Cl 12.72 97.5
BCl21Cl* (4P8 2P0) 16.31 76.0
B13Cl 13.77
B* (3s 2S)13Cl 18.73 66.2
B* (2p2 2D)13Cl 19.70 62.9

Ionization
BCl3

1(X̃ 2A28)1e 11.64 106.5

BCl3
1* (Ã 2E9)1e 12.19 101.7

BCl2
11Cl 12.30

BCl3
1(B̃ 2E8)1e 12.66 97.9

BCl3
1* (C̃ 2A29)1e 14.22 87.2

BCl3
1* (D̃ 2E8)1e 15.32 80.9

BCl3
1* (Ẽ 2A18)1e 17.74 69.9

BCl112Cl1e 18.37

TABLE 9. Calculated and observed minimum energies for the electron-
impact-induced fragmentation of BCl3 into excited boron~B* !, boron chlo-
ride ~BCl* !, and BCl2* fragments

Fragmentsa Minimum energy~eV! Reference

B* (3s 2S)1Cl21Cl @16.2#b 39
@16.28# 40

B* (3s 2S)13Cl @18.70# 40
@18.8# 39

22.061.5c 39
B* (3s 2S)1Cl21Cl1 @29.1# 39
B* (3s 2S)12Cl1Cl1 @31.7# 39
B* (2p2 2D)1Cl21Cl @17.1# 39

@17.25# 40
17.760.2 40

B* (2p2 2D)13Cl @19.67# 40
@19.7# 39

20.060.5 40
B* (2p2 2D)1Cl21Cl1 @30.0# 39

@30.28# 40
B* (2p2 2D)12Cl1Cl1 @32.6# 39

@32.70# 40
B* (3p 2P0)1Cl21Cl @17.34# 40

17.760.4 40
B* (3p 2P0)13Cl @19.76# 40

19.760.3 40
B* (3p 2P0)1Cl21Cl1 @30.37# 40
B* (3p 2P0)12Cl1Cl1 @32.79# 40
BCl* (A 1P)1Cl2 @10.50# 39,40
BCl* (A 1P)12Cl @13.1# 39

@12.92# 40
13.960.5 40
14.061.5 39

BCl* (A 1P)1Cl1Cl1 @26.0# 39
@25.95# 40
25–29 40

29.062.0 39
BCl2* (468 nm)1Cl @6.75# 40

7.060.6 40
7.17 44

BCl2* (330 nm)1Cl @8.90# 40
9.460.4 40

9.80 44

aExcited fragments are designated by the asterisk~* !.
bValues in brackets are calculated by the respective authors using the enthal-
pies of formation for the parent molecule, the related fragments, and elec-
tronic energies of the excited states involved~see respective references for
details!.

cValues not in brackets are measurements.
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photophysical studies have been made to probe the proper-
ties of BCl3 gas discharges. Discharges containing BCl3 pro-
vide a convenient source of BCl radicals whose Stark-mixed
laser-induced fluorescence spectrum can be used to deter-
mine the magnitude of the sheath electric field with high
spatial and temporal resolution.91 For instance, Gottscho92

used Stark-mixed laser-induced fluorescence to measure
space–time-resolved maps of sheath electric fields in dis-
charges through BCl3 and in mixtures of BCl3 with Ar as a
function of power density~0.14–0.41 W cm23! and fre-
quency~dc to 10 MHz!.

5. Electron Attachment

Electron attachment to BCl3 has been experimentally in-
vestigated using electron beam31–34,36,37 and electron
swarm61,93 methods. There have also been some studies of
negative ion formation in BCl3 gas discharges.65,94,95 The
results of these investigations are synthesized, assessed, and
discussed in this section.

5.1. Electron Attachment Processes in BCl 3

Collectively, the results of a number of electron-beam
mass spectrometric studies31–33,36,37on the relative cross sec-
tions for the production of fragment negative ions by low-
energy electron impact on BCl3 , are consistent with the re-
actions

BCl31e→BCl3
2* →BCl21Cl2, ~7!

BCl31e→BCl3
2* →BCl1Cl2

2 , ~8!

and

BCl31e→BCl3
2* ~ long lived!. ~9!

They all show that dissociative electron attachment to BCl3

produces primarily Cl2 via Reaction ~7!. These
studies32,33,36,37also showed the production of Cl2

2 via Reac-
tion ~8! albeit with much smaller probability~the amount of
Cl2

2 ions may be affected by ion–molecule reactions33!. The
existence of long lived BCl3

2* ions @Reaction~9!# at thermal
electron energies has been indicated by electron beam36,37

and by electron swarm studies~see later in this section!.
These findings are discussed further below.

The dissociative electron attachment Reaction~7! is endo-
ergic by;1 eV. Olthoff36 estimated the energy threshold for
Cl2 to be;0.7 eV from thermodynamic data, and Baeck and
Bartlett29 calculated the dissociation energy of BCl3

2 into
BCl21Cl2 to be ;1.59 eV. In accord with these values,
Stockdaleet al.32 found the lowest peak in the relative cross

TABLE 10. Absolute cross sections of boron and boron chloride fragment emissions formed by 100 eV electrons
impacting on BCl3 , and associated wavelengths, transitions, and measured onsets

Fragment
Wavelength

~nm! Transition
Cross section
(10218 cm2)

Onset energy
~eV! Reference

Boron 208.9 2p2 2D → 2p 2P0 1.860.9a 23.061.5 39
34.562.0 39

208.9 2p2 2D → 2p 2P0 4.961.0 40
Boron 249.8 3s 2S→ 2p 2P0 4.961.6 22.061.5 39

34.062.0 39
249.7 3s 2S→ 2p 2P0 4.560.7 40

Boron chloride 272.4b A 1P → X 1S1 1.960.4 14.061.5 39
29.062.0 39

271.5c A 1P → X 1S1 1.960.3 40

aEstimated uncertainty650%.
bThe wavelength refers to the location of the maximum intensity of theDn50 vibrational sequence of the
A 1P→X 1S1 band.

cUnresolved~0,0!, ~1,1!, and~2,2! bands.

FIG. 12. ~a! Fluorescence cross section and~b! fluorescence quantum yield
as a function of excitation wavelength for BCl3 : ~ ! Ref. 44;~- - -! Ref.
45.
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section for the formation of Cl2 from BCl3 to be located at
~1.160.1! eV, and Brüning37 observed the most intense peak
in the Cl2 production to be at;0.9 eV ~Fig. 13!. However,
in similar studies Olthoff36 found the cross section for Cl2 to
peak at an energy~Fig. 13! well below the thermodynamic
threshold of 0.7 eV. Although the production of Cl2 is ex-
pected to be temperature dependent96—and thus possible dif-
ferences in the temperature of the various experimental stud-
ies may influence the magnitude and position of the low-
energy Cl2 resonance—the temperature in these experiments
is not expected to differ appreciably. Bru¨ning, for instance,
quotes the temperature of his experiment to be;340 K, and
the temperature in the experiment of Olthoff is expected to
be similar. Nonetheless, a study of the effect of temperature
on the cross section for the production of Cl2 ions is indi-
cated for this molecule. The observation of Cl2 may also be
attributed to impurities produced by reactions of the BCl3

with the gas manifold walls.
Besides the Cl2 peak near 1 eV, the relative cross section

for the production of Cl2 from BCl3 was found32,36,37to have
a number of weaker peaks between 6 and 10 eV~see Fig. 13
and Table 3! which are near the location of electron-excited
Feshbach resonances observed in electron transmission
studies.30 Since the pressure in the experiments of Bru¨ning37

and Olthoff36 was sufficiently low ~on the order of
1025 mbar) to ensure single-collision conditions, the Cl2 ob-
served in these investigations between 6 and 10 eV is due to
primary processes, that is, due to the decay of the negative
ion states in this energy range via dissociative electron at-
tachment. However, in the experiments of Stockdaleet al.32

the pressure was much higher—(9.2—82)31025

mbar—and in this case, in addition to the 1.1 eV peak,
Stockdaleet al. observed Cl2 peaks around 2.5 and 8 eV.
The intensity of these peaks varied as the square of the BCl3

pressure. They were attributed32 to the processes

e1BCl3→BCl3* 1eslow, ~10a!

eslow1BCl3→Cl21BCl2 , ~10b!

which is due to the production of Cl2 by dissociative attach-
ment to BCl3 of electrons,eslow, that have first been slowed
down to near 1 eV via the negative ion states near 2.5 eV and
8 eV.

In addition, the measurements of Marriott and Graggs31

shown in Fig. 13 indicate the production of Cl2 at energies
*9 eV, which may be due to the ion-pair process BCl31e
→BCl2

11Cl21e. Marriott and Graggs were careful to point
out however that because BCl3 hydrolyzes readily (BCl3

13H2O→H3BO313HCl), the production of HCl may af-
fect the measurements dealing with the products Cl2, Cl1,
and Cl11 which may originate from electron impact on HCl.

The dissociative electron attachment Reaction~8! is also
endoergic. Olthoff36 estimated the threshold energy for Re-
action~8! to be;3.3 eV, and Baeck and Bartlett29 calculated
the dissociation energy of BCl3

2 into BCl1Cl2
2 to be 4.01

eV. These values are incompatible with the observation by
Stockdaleet al.32 that the relative cross section of Cl2

2 ions
from BCl3 peaks at 1.160.1 eV and the observations by
Olthoff36 and Brüning37 that the relative cross section for the
production of Cl2

2 ions from BCl3 peaks near 0.0 eV. Indeed,
because of this discrepancy, the observed Cl2

2 signals in
these experiments may be due to impurities. Interestingly,
Brüning observed BCl4

2 , which Jiaoet al.33 found to be an
ion–molecule reaction product resulting from the rapid reac-
tion of Cl2

2 with BCl3 . No BCl2
2 or BCl2 fragment negative

ions were reported in any of these studies.
Reaction~9! occurs at thermal and near-thermal energies.

The transient BCl3
2* species, which is initially formed by

electron capture, is metastable and thus, can decay by auto-
detachment. It is, however, long lived.36,37,65,93Its autode-
tachment lifetime was inferred36 to be at least 60ms at ther-
mal energies and temperatures somewhat higher than
ambient~due to the heating of the gas from the hot filament
in these experiments!. This long lifetime may result from the
fact that the equilibrium geometries of BCl3 and BCl3

2 are
different—the BCl3 molecule is planar (D3h) and the BCl3

2

ion is pyramidal (C3v) ~Sec. 2!. Such geometrical changes
are known to lead to long lifetimes for a number of transient
anions.97 The long-lived BCl3

2* ion can rid itself of its extra
energy by collision~or radiation! and lead to the formation of
a stable parent negative ion BCl3

2 since the BCl3 molecule
has a positive electron affinity~Table 3!. The electron attach-
ment rate constants measured in swarm experiments~Sec.
5.3! at low E/N may thus be due to Reaction~9!. They may
be sensitive to the gas temperature~decrease with increasing
gas temperature above ambient! since the electron affinity of
BCl3 is small ~Table 3! and the probability of thermally in-
duced electron detachment from the stabilized BCl3

2 (BCl3
2

1heat→BCl31e) can be large.98

A summary of the data on negative ions found in electron
beam studies produced by low-energy electron impact on
BCl3 is given in Table 3~see also Fig. 2!.

FIG. 13. Relative cross section for the production of Cl2 by electron impact
on BCl3 : ~d! Ref. 31;~¯! Ref. 32 for two pressures~0.009 and 0.083 Pa!
showing the production of Cl2 directly via Reaction~7! at 1.1 eV and
indirectly via Reactions~10a! and ~10b! at higher energies~see text!; ~1!
Ref. 36 under single-collision conditions;~ ! Ref. 37 at a pressure of
;0.001 Pa.
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5.2. Total Electron Attachment Cross Section as a
Function of Electron Energy, sa,t„e…

There has been only one measurement of the total electron
attachment cross section,sa,t(e), of BCl3 using the electron
beam method, namely, that by Buche’nikova.34 This total
electron attachment cross section is shown in Fig. 14. It has
a maximum at near 0.4 eV and a cross section value at this
energy of 2.8310217cm2. While Buche’nikova’s technique
yields total electron attachment values, the data in Fig. 14
were attributed to the production of Cl2 via Reaction~7!. As
has been found for other molecules that Buchel’nikova had
investigated, his cross section data for BCl3 are considered to
be lower than their true values.

5.3. Total Electron Attachment Rate Constant, k a,t ,
as a Function EÕN and Še‹

There have been two61,93 investigations of electron attach-
ment to BCl3 using the electron swarm method. Both of
these studies employed mixtures of BCl3 with N2 and were
conducted at room temperature~;295 K!. In both studies the
total electron attachment rate constant,ka,t(E/N), was mea-
sured as a function of the density-reduced electric fieldE/N.
These measurements are compared in Fig. 15. The measure-
ments of Petrovic´ et al.93 have a quoted uncertainty of
630%. Although Tavet al.61 gave no uncertainty for their
measurements, the uncertainty in their measurements is ex-
pected to be at least as large as that of Petrovic´ et al.93 con-
sidering the large variation of their data with time following
the introduction of BCl3 into their reaction chamber. Also
shown in Fig. 15 is an earlier measurement32 ~see Fig. 15 and
Sec. 5.4! of the thermal electron attachment rate constant.
There are substantial differences between these data, stress-
ing the need for new measurements.

Petrovićet al.93 argued that since the threshold for disso-
ciative electron attachment producing either Cl2 or Cl2

2 is

greater than;1 eV and since for theE/N range they inves-
tigated the values of the mean electron energy are less than
;1 eV, the electron attachment rate constants they measured
in their experiments~Fig. 15! are due to the formation of
BCl3

2 . This interpretation would be consistent with the mass
spectrometric observation36,37of long lived BCl3

2* , and with
the conclusion of Gottscho and Gaebe65 that BCl3

2 is the
dominant negative ion formed in rf discharges using pure
BCl3 . Although Petrovic´ et al. observed only Cl2 in dc dis-
charges of BCl3 , they argued that the difference between the
results of the dc and rf discharge studies may be due to the
difference in the electron energies in the types of discharges.
In DC discharges the mean electron energies may be too high
to enable production of BCl3

2 , in contrast to the bulk of rf
plasma where the electron energies are much lower~see also
Ref. 65!.

Similarly, Tav et al.61 attributed the total electron attach-
ment rate constant they measured at low electron energies
~&0.1 eV! to the formation of BCl3

2 , and the weaker elec-
tron attachment at higher energies to Cl2 formation. How-
ever, neither in the study of Petrovic´ et al.93 nor in the study
of Tav et al. were the negative ions directly identified. It is
emphasized that this indirect inference of the identity of the
ions needs further scrutiny. The argument, for instance, that
Cl2 cannot be formed at low energies for energetic reasons
may not be correct, if there is a large effect of temperature on
the dissociative electron attachment process generating Cl2.
Also, since the electron affinity of the BCl3 molecule is small
~Table 3!, the electron may be detached thermally from the
stabilized BCl3

2 ion at temperatures at and above ambient.
Therefore, to fully characterize the electron attachment pro-
cesses for this molecule, an investigation is needed of the
temperature dependence of the formation of both Cl2 and
BCl3

2 .
The ka,t(E/N) data in Fig. 15 are plotted in Fig. 16 as a

function of the mean electron energy,^e&, using the ^e&
(E/N) data for N2(T5300 K) given in Table A.II of Chris-
tophorou and Olthoff.96

FIG. 14. Total electron attachment cross section as a function of electron
energy,sa,t(e), for BCl3 : ~d! electron beam data from Ref. 34~Note that
these data have been multiplied by a factor of 100 for the convenience of
display!; ~m! electron swarm data from Ref. 61~the data shown with open
triangles are multiplied by 100 to facilitate comparison!.

FIG. 15. Total electron attachment rate constant as a function ofE/N,
ka,t(E/N), for BCl3 : ~m! Ref. 93;~j! Ref. 61;~d! thermal value from Ref.
32.
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5.4. Thermal Electron Attachment Rate Constant,
„k a,t…th

The thermal (T>295 K) value, (ka,t!th , of the total elec-
tron attachment rate constant of BCl3 has been measured by
Stockdaleet al.32 to be 2.731029 cm3 s21.

5.5. Swarm-Unfolded Total Electron Attachment
Cross Section, sa,t„e…

Tav et al.61 unfolded the total electron attachment cross
sectionsa,t(e) shown in Fig. 14 from their data onka,t(E/N)
and the known electron energy distribution functions in the
buffer gas N2. They attributed the rise in the cross section
below;0.1 eV to the formation of BCl3

2 . The smaller cross
section at higher energies was attributed to Cl2 formation,
but no direct identification of the negative ions was obtained.
They indicated that their derived cross section has an uncer-
tainty of 620%, but the uncertainty is probably much larger
than indicated. The disagreement between the swarm-
unfolded total electron attachment cross section61 and the
beam-determined values34 is large. Clearly, there is a need
for further measurements.

5.6. Negative Ion Photodetachment in BCl 3
Plasmas

Gaebeet al.94 described a spectroscopic diagnostic tech-
nique that provides the response of a radio-frequency dis-
charge to electrons photodetached from negative ions in
BCl3 . In this technique the spatially and temporally resolved
charges in the local electric field of a 50 kHz discharge
through BCl3 ~changes in the local electric field which re-
sulted from photodetachment of electrons from negative
ions! are monitored using Stark-mixing spectroscopy~e.g.,
see Refs. 91,99!.

Similarly, Fleddermann and Hebner95 investigated the Cl2

concentration and the electron density in BCl3-containing in-
ductively coupled plasmas using laser light to photodetach

electrons from Cl2 ions. They detected the photodetached
electrons and the steady-state electron density using a micro-
wave interferometer, which allowed measurement of abso-
lute negative ion densities as a function of gas mixture and
reactor parameters. The 266 nm radiation from a frequency-
quadrupled Nd:yttrium–aluminum–garnet laser was used for
photodetachment. The plasma was probed at lower photon
energy~355 nm! to photodetach electrons from other pos-
sible negative ions present in the plasma. To within the sen-
sitivity of their measurement (1.33108 cm23), no other
negative ions~such as BClx

2 or Cl2
2) were detected.

6. Electron Transport Coefficients

There are no measurements of the electron transport coef-
ficients in pure BCl3 . However, there have been some mea-
surements of the electron drift velocity,w(E/N), in BCl3 /Ar
gas mixtures at concentrations of BCl3 in Ar ranging from
2.531025 to 531023, which are representative of those
used in plasma applications.14 According to Mosteller
et al.,14 these mixtures exhibit strong electron attachment at
low E/N, and thew(E/N) measurements@shown in Fig.
17~a!# show regions of negative differential conductivity.
Mosteller et al. also measured thew(E/N) in a mixture of
0.54% BCl3 in He. These measurements are shown in Fig.

FIG. 16. Total electron attachment rate constant as a function of the mean
electron energŷe&, ka,t(^e&), for BCl3 : ~m! Ref. 93; ~j! Ref. 61; ~d!
thermal value from Ref. 32.

FIG. 17. ~a! Electron drift velocity as a function ofE/N, w(E/N), for
mixtures of BCl3 in argon~data of Mostelleret al. from Ref. 14!. ~b! Elec-
tron drift velocity as a function ofE/N, w(E/N), for a 0.54% BCl3 mixture
with He @~d! Ref. 14#, in comparison with thew(E/N) for pure He@~1!
Ref. 100;~s! Ref. 101#.
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17~b!, where they are compared with thew(E/N) of Milloy
and Crompton100 and Nygaardet al.101 for pure He.

7. Suggested and Needed Data

The only suggested electron collision data are those for
s i,t(e) ~Fig. 9; Table 7!. There is a need for further measure-
ments of this cross section, and also for measurements of the
cross sections of all other principal electron scattering pro-
cesses for this molecule. Measurements are also needed of
the electron transport, ionization, and attachment coefficients
in pure BCl3 and in mixtures.
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Baumgärtel, H. W. Jochims, and U. Rockland, J. Chem. Soc. Faraday
Trans.91, 3073~1995!.

49K. J. Boyle, D. P. Seccombe, R. P. Tuckett, H. Baumga¨rtel, and H. W.
Jochims, J. Phys. B32, 2569~1999!.

50H. J. Maria, J. R. McDonald, and S. P. McGlynn, J. Am. Chem. Soc.95,
1050 ~1973!.

51A. A. Planckaert, P. Sauvageau, and C. Sandorfy, Chem. Phys. Lett.20,
170 ~1973!.

52A. Slaoui, F. Foulon, C. Fuchs, E. Fogarassy, and P. Siffert, Appl. Phys. A
50, 317 ~1990!.

53E. Ishiguro, S. Iwata, Y. Suzuki, A. Mikuni, and T. Sasaki, J. Phys. B15,
1841 ~1982!.

54M. Cini, F. Maracci, and R. Platania, J. Electron Spectros. Related Phe-
nomena41, 37 ~1986!.

55W. S. Koski, J. J. Kaufman, and C. F. Pachucki, J. Am. Chem. Soc.81,
1326 ~1959!.

56M. F. Lappert, M. R. Litzow, J. B. Pedley, P. N. K. Riley, T. R. Spalding,
and A. Tweedale, J. Chem. Soc. A, 2320~1970!.

57H.-O. Berger, J. Kroner, and H. No¨th, Chem. Ber.109, 2266~1976!.
58D. Goutier and L. A. Burnelle, Chem. Phys. Lett.18, 460 ~1973!.
59R. J. Boyd and D. C. Frost, Chem. Phys. Lett.1, 649 ~1968!.
60O. Osberghaus, Z. Phys.128, 366 ~1950!.
61C. Tav, P. G. Datskos, and L. A. Pinnaduwage, J. Appl. Phys.84, 5805

~1998!.
62W. A. Isaacs, C. W. McCurdy, and T. N. Rescigno, Phys. Rev. A58, 2881

~1998!.
63M. H. F. Bettega, Phys. Rev. A61, 042703~2000!.
64D. R. Armstrong and P. G. Perkins, J. Chem. Soc. A, 1218~1967!.
65R. A. Gottscho and C. E. Gaebe, IEEE Trans. Plasma SciencePS-14, 92

~1986!.

987987INTERACTIONS WITH BCl 3

J. Phys. Chem. Ref. Data, Vol. 31, No. 4, 2002



66G. Herzberg,Molecular Spectra and Molecular Structure II: Infrared and
Raman Spectra of Polyatomic Molecules~Van Nostrand Reinhold,
New York, 1945!, p. 178.

67D. R. Stull and H. Prophet,JANAF Thermochemical Tables, 2nd ed.
~NSRDS-NBS, June 1971!, Vol. 37.

68L. A. Farrow, J. Chem. Phys.82, 3625~1985!.
69M. E. Jacox, K. K. Irikura, and W. E. Thompson, J. Chem. Phys.104,

8871 ~1996!.
70J. H. Callomon, E. Horota, K. Kuchitsu, W. J. Lafferty, A. G. Maki, and C.

S. Pole, in Landolt-Bornstein,Numerical Data and Functional Relation-
ships in Science and Technology, New Series, Group II Atomic and Mo-
lecular Physics, edited by K. H. Hellwege and A. M. Hellwege~Springer,
New York, 1976!, Vol. 7.

71C. Leibovici, J. Mol. Struct.14, 459 ~1972!.
72R. Nagpal and A. Garscadden, Appl. Phys. Lett.64, 1626~1994!.
73CRC Handbook of Chemistry and Physics, 70th ed., edited by R. C.

Weast, D. R. Lide, M. J. Astle, and W. H. Beyer~CRC, Boca Raton, FL,
1990!, p. E-74.

74R. S. Armstrong, M. J. Aroney, A. Hector, and R. J. W. Le Fe´vre, J. Chem.
Soc. B, 1203~1968!.

75R. I. Keir and G. L. D. Ritchie, Chem. Phys. Lett.290, 409 ~1998!.
76K. Iijima and S. Shibata, Bull. Chem. Soc. Jpn.53, 1908~1980!.
77R. Franzi, M. Geoffroy, E. A. Lucken, and N. Leray, J. Chem. Phys.78,

708 ~1983!.
78V. McKoy, C. Winstead, W. L. Morgan, and P. D. Haaland,Data Compi-

lation for Plasma Chemistries No. 2, Technology Transfer No.
98063515A-TR~Sematech, June 30, 1998! ~data quoted by Sematech’s
permission!.

79R. W. Law and J. L. Margrave, J. Chem. Phys.25, 1086~1956!.
80R. C. Wetzel, F. A. Baiocchi, T. R. Hayes, and R. C. Freund, Phys. Rev. A

35, 559 ~1987!.
81E. Krishnakumar and S. K. Srivastava, J. Phys. B21, 1055~1988!.
82L. J. Overzet and L. Luo, Appl. Phys. Lett.59, 161 ~1991!.
83K. Becker~private communication, 2000!.

84H. Deutsch, K. Becker, and T. D. Ma¨rk, Int. J. Mass Spectrom. Ion Pro-
cesses167Õ168, 503 ~1997!.

85M. Probst, H. Deutsch, K. Becker, and T. D. Ma¨rk, Int. J. Mass Spectrom.
Ion Processes206, 13 ~2001!.

86Y.-K. Kim and K. K. Irikura, Atomic and Molecular Data and Their Ap-
plications, edited by K. A. Berrington and K. L. Bell~American Institute
of Physics, New York, 2000!, p. 220.

87J. E. Hesser, J. Chem. Phys.48, 2518~1968!.
88F.-W. Breitbarth, Plasma Chem. Plasma Process.12, 261 ~1992!.
89G. R. Scheller, R. A. Gottscho, T. Intrator, and D. B. Graves, J. Appl.

Phys.64, 4384~1988!.
90F.-W. Breitbarth and E. Ducke, Contrib. Plasma Phys.30, 691 ~1990!.
91M. L. Mandich, C. E. Gaebe, and R. A. Gottscho, J. Chem. Phys.83, 3349

~1985!.
92R. A. Gottscho, Phys. Rev. A36, 2233~1987!.
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